Essential fatty acid metabolism is impaired by diabetes mellitus and this may be important in the aetiology of peripheral nerve dysfunction. The effects of Y -linolenic acid (09-6) and fish oil (09-3) alone, and in combination, on nerve function and capillarization were examined in 2-month streptozotocin-diabetic rats. Diabetes resulted in approximately 15 % and 23 % decreases in saphenous sensory and sciatic motor nerve conduction velocities, respectively (p < 0.001). Motor and sensory conduction velocities were in the non-diabetic range after both preventive and reversal o9-6 treatment of diabetic rats (p <0.001). No significant changes occurred in co-6 treated non-diabetic rats. Preventive 0)-3 treatment was largely ineffective. Reversal treatment with a combination of 0)-6 and 0)-3 fatty acids was marginally effective and improved motor (p < 0.05), but not sensory conduction velocity. In vitro measurement of sciatic nerve resistance to hypoxic conduction failure in diabetic rats revealed a 56 % increase in the time taken for the compound action potential amplitude to be reduced by 80% (p < 0.01) compared to non-diabetic rats. This was partially prevented by 0)-6 treatment (29% increase, p<0.01). Reversal o9-6 treatment had a lesser effect (37 % increase, p < 0.05 compared to untreated diabetic rats). 0)-3 treatment had no significant effect on conduction failure time. Sciatic endoneurial capillary density increased by 11% with preventive 0)-6 treatment (p < 0.05), but was unaffected by reversal 0)-6 and by 0)-3 treatments. These results demonstrate the specificity of 0)-6 essential fatty acids in improving diabetic nerve function and highlight an antagonism exerted by c0-3 components, which may have therapeutic implications.
Early changes in nerve function are characterised by reduced nerve conduction velocity (NCV) and an increase in resistance to hypoxic conduction failure (RHCF) in animal models and patients with diabetes mellitus [1] . The vascular hypothesis provides an explanation of the aetiology of these changes, based upon observations of decreased nerve blood flow and consequent endoneurial hypoxia in experimental diabetes [2] [3] [4] . Reduced blood flow has also been directly and indirectly demonstrated in diabetic patients with neuropathy [5, 6] and endoneurial hypoxia is present [7] . In non-diabetic rats and patients, chronic hypoxia is associated with the development of reduced NCV and increased RHCF [8] [9] [10] [11] . Thus, endoneurial hypoxia, irrespective of cause, can impose a stress sufficient to alter nerve function and lead to increased dependence on anaerobic metabolism [8, 12] . Several studies involving vasodilators have shown improvements in nerve function related to endoneurial perfusion in diabetic rats [3, [13] [14] [15] [16] [17] . Thus, a strong argument may be made for cause and effect between reduced nerve blood flow and nerve conduction deficits [1, 3] .
Diabetes results in an inhibition of A-6-desaturase, the enzyme that converts the 0)-6 essential fatty acid, linoleic acid, to 7-1inolenic acid (GLA). This leads to an approximately 25 % decrease in the synthesis of prostanoid/eicosanoid precursors such as arachidonic acid [18] . In addition, Ward et al. [19] found that production of 6-keto prostaglandin (PG) Ft~, the stable metabolite of prostacyclin, was reduced by 46 % in sciatic nerve from chronic diabetic rats. Although linoleic acid treatment alone does not affect diabetic neuropathy [20, 21] , several studies have shown that nerve dysfunction in diabetic rats may be prevented by evening primrose (Oenothera biennis) oil (EPO) treatment [21] [22] [23] . EPO has a complex composition and contains approximately 9 % GLA. While it is thought that GLA may be the active component in EPO, an effect of GLA has not been directly demonstrated. The primary aim of this investigation, therefore, was to assess Data are group means _+ SEM. GLA, y-linolenic acid the effects of pure GLA on nerve function and vascular supply in preventive and reversal studies.
In recent years there has been great interest in the effect of 0)-3 essential fatty acids, found particularly in fish oil, on prevention of atherosclerosis and hypertension in animal models and patients with vascular disease [24] . o)-3 fatty acids can act as precursors for the production of vasoactive prostanoids [24] , stimulate synthesis of unidentified relaxing factors from cultured endothelial cells [25] , and improve endothelium-dependent relaxation in aorta from hypertensive rats [26] . As fish oil treatment has recently been reported to improve vascular function in diabetic patients [27] , a second aim of the investigation was to determine the effects of fish oil on diabetic nerve function. In addition, a combination of GLA and fish oil was administered to a group of diabetic rats to evaluate the interaction between (0-3 and o)-6 metabolic pathways.
Materials and methods
Mature male 19-week-old Sprague-Dawley rats (Aberdeen University colony) were used. Non-diabetic rats were employed as an onset control group. Other groups of rats were made diabetic by injection of streptozotocin (40 mg/kg in 20 mmol/1 sodium citrate buffer, pH 4.5, i. p.). Diabetes was verified 24 h later by estimation of hyperglycaemia and glycosuria (Visidex II and Diastix; Ames, Slough, Bucks., UK). On the day of final experiments, samples of blood from the tail vein were taken for later determination of plasma glucose using a standard test kit (GOD-Perid method; Boehringer Mannheim, Mannheim, Germany).
One and two-month untreated diabetic control groups were employed in addition to a non-diabetic group treated with GLA for 2 months. The total duration of diabetes in treated groups was 2months with treatment being either preventive or reversal. Preventive experiments involved treating the animal from the induction of diabetes whereas reversal treatment involved commencing treatment after 1 month of untreated diabetes. All groups treated with GLA (Scotia Pharmaceuticals, Guildford, Surrey, UK) received 260 mg/day via gavage as this dose is similar to that contained in the 10 % dietary supplement of EPO used in a previous study [11] . The group treated with fish oil (Scotia) received approximately 840 mg/day of the active components (docosahexaenoic and eicosapentaenoic acid) as a 10% dietary supplementation. A further reversal group of diabetic rats were fed a combination of GLA and fish oil by dietary admixture in such a ratio that the amount of the putative active components was equal for the two constituents, i. e. 260 mg/day 0)-6 and 260 rag/day 0)-3 essential fatty acids (3.3 % dietary supplementation).
In final experiments (1-1.5g/kg urethane anaesthesia, i.p.), nerve conduction velocity was measured in vivo between the sciatic notch and the knee for the sciatic motor branches supplying the tibialis anterior (peroneal division) and the gastrocnemius (tibial division) muscles. Conduction velocity was also measured in the sensory saphenous nerve between the groin and the ankle. Nerve temperature was maintained at 37.0-37.5 ~ by radiant heat. Methods have previously been described in detail [28, 29] .
Sciatic nerve resistance to hypoxia was measured in vitro as previously described [21] . The contralateral sciatic trunk was removed and mounted on bipolar stimulating (proximal end) and recording (distal end) electrodes in a chamber containing Krebs solution at 35 ~ Glucose concentration in the bath was 5.5 mmol/1 for nerves from non-diabetic rats and 40 mmol/1 for diabetic rats. Nerves were equilibrated in Krebs solution bubbled with 95 % 02, 5 % CO2 for 30 min before filling the chamber with mineral oil pre-gassed for 1 h with 100% N2. Nerve stimulation was just supramaximat (pulses being 1 Hz, 0.05 ms wide, 10 mA) and compound action potential amplitude was measured at 2-min intervals until it fell below 10 % of the initial value.
Just before killing the rats, approximately 2.5 cm of the sciatic nerve trunk was removed along with muscles to act as a support tissue. Samples were frozen in iso-pentane pre-chilled in liquid nitrogen. 10 gm cryostat sections were stained for alkaline phosphatase to demonstrate the capillaries [30] . Three sections were taken, each 90 gm apart, and capillaries in the nerve fascicles were counted with the aid of a projection microscope. Outlines of the fascicles were traced and their area measured using a computer-linked digitising pad. From this, average capillary density was obtained for repeated sampling between the sciatic notch and the knee.
Statistical analysis
Data are expressed as group means _+ SEM. A one-way ANOVA was carried out, followed by Bonferroni t-tests corrected for multiple comparisons, to assign significance levels to individual between-group comparisons when overall significance was attained (p < 0.05).
Results
Data for body weights before and after treatment and plasma glucose concentrations are shown in Table 1 group given preventive fish oil treatment for 2 months (n = 10); RG diabetic group untreated for 1 month and then given reversal 7-1inolenic acid treatment for i month (n = 11); RGF diabetic group untreated for i month and then given reversal treatment with a mixture offish oil and 7-1inolenic acid (n = 11). Error bars are SEM branches innervating gastrocnemius and tibialis anterior muscles. After 1month of untreated diabetes, motor NCV was decreased by approximately 25 % and showed no further significant decline after 2 months (p < 0.001).
Motor NCV was maintained within the non-diabetic range by preventive treatment and was returned to the non-diabetic range by reversal treatment with GLA (p < 0.01). Preventive treatment of non-diabetic animals with GLA was without effect. Treatment of diabetic rats with fish oil caused a 31% prevention of the motor NCV deficit that was not statistically significant. For the reversal group treated with a mixture of GLA and fish oil, there was a marginal improvement in motor NCV (p < 0.05), which was significantly less (p < 0.05) than for reversal GLA treatment alone. Figure 1B shows sensory saphenous NCV, which was approximately 15% reduced by untreated diabetes (p < 0.001). Sensory NCV was within the non-diabetic range for both preventive and reversal GLA treatment, while non-diabetic rats that received GLA treatment did Hypoxia duration (min) Fig.2 . Sciatic nerve resistance to hypoxic conduction failure in vitro for non-diabetic control ( 9 ), n = 12; y-linolenic acid treated control (Q), n = 11; 2-month diabetic ([~), n = 20; preventive 7-1inolenic acid treated diabetic (.), n = 25; and preventive fish oil treated diabetic ( 9 n = 10, groups. Error bars are SEM not show any significant differences compared to untreated control rats. Treatment of diabetic rats with fish oil produced a 33 % prevention of the sensory NCV deficit that was not statistically significant. Reversal treatment of diabetic rats with a mixture of GLA and fish oil produced a modest improvement in NCV (p < 0.05) compared to the untreated diabetic group. Sciatic nerve RHCF curves for selected groups are shown in Figure 2 . Non-diabetic control and 2-month untreated diabetic groups displayed similar hyper-excitability [31] over the first 8 min of hypoxia. Following this, there was a rapid decline in compound action potential amplitude in the nerves from non-diabetic rats and a greatly prolonged decline for nerves from the untreated diabetic group. Preventive GLA treatment blunted the initial phase of hyper-excitability in both diabetic and non-diabetic groups (6-8 min, p < 0.05 comparing treated and untreated non-diabetic rats; 2-14 min p < 0.01 comparing treated and untreated diabetic rats). Fish oil treatment resulted in a tendency towards supra-normal hyperexcitability (0.1 > p >_ 0.05, 6-14 min compared to the untreated diabetic group), followed by a rate of decline similar to that of the 2-month untreated diabetic group. Preventive GLA treatment reduced the alterations in the RHCF profile, although full prevention of the diabetes-induced changes was not observed.
The durations of hypoxia necessary for the compound action potential amplitude to fall by 50% (Ts0) and 80 % (Ts0) are shown in Figure 3 . These parameters progressively increase with 1 and 2 months of untreated diabetes, the 2-month values being significantly elevated compared 
Discussion
The data demonstrate that GLA is effective in preventing and reversing motor and sensory NCV deficits in diabetic rats, and that it reduces, but does not reverse, the development of RHCF. Thus, it is likely that GLA is the active constituent of EPO. The effects of 0)-6 fatty acids markedly contrast with those of the 0)-3 components found in fish oil, which proved considerably less effective in preventing neurological abnormalities. When mixed with fish oil, the beneficial effect of GLA was attenuated, suggesting antagonism between 0)-3 and 0)-6 metabolic pathways. GLA is converted to dihomo-GLA and then to arachidonic acid, both of which act as substrates for the cyclooxygenase mediated synthesis of vasoactive prostanoids. Vasodilator PGE1 formation requires dihomo-GLA, whereas vasodilator prostacyclin and PGE2 and vasoconstrictor thromboxane A2 (TxA2) are produced from arachidonic acid [32] . In a previous investigation, the effect of EPO on NCV in diabetic rats was completely blocked by the cyclo-oxygenase inhibitor, flurbiprofen [33] . Analogues of PGE~, prostacyclin and PGE2 improve NCV in diabetic rats [16, 34, 35] . The o9-3 component, eicosapentaenoic acid, is metabolised similarly to arachidonic acid, producing vasodilator and vasoconstrictor homologues that are generally less potent than their 0)-6 counterparts [24] . Given the observations on nerve function, this suggests that one putative beneficial effect of fish oil, substitution of a compound with low platelet aggregant and vasoconstrictor activity for TxA2 [24] , is relatively unimportant in diabetic neuropathy. In addition 0)-3 and 0)-6 components are metabolised by the same or similar enzyme sequences, for which they compete. The (o-3 essential fatty acids are more effective antagonists of o)-6 metabolism than vice versa [36] and eicosapentaenoic acid also inhibits the conversion of dihomo-GLA to arachidonic acid [24] . For combined 0)-3 and 0)-6 treatment, this has the effect of enhancing PGE1 synthesis at the expense of reduced prostacyclin and PQE2 production [32] . As GLA-mediated increases in NCV were blunted by fish oil, it is likely that prostacyclin and/or PGE2 mediate the actions of GLA and EPO.
Fish oil treatment produces several beneficial effects, for example, increased anti-inflammatory activity [37] and reduced risk factors for coronary disease, including the prevention of coronary thrombosis and atherosclerosis [38] . Part of this action may depend upon augmentation of vascular endothelium-dependent relaxation [25, 26] . A recent study has also demonstrated a similar beneficial effect on the general circulation of diabetic patients [27] . Although fish oil treatment did not cause statistically significant effects, both motor and sensory NCV deficits were approximately 30 % less than for untreated diabetes. This investigation used a large number of groups. To avoid type I errors arising from multiple comparisons the conservative Bonferroni post hoc statistical test was employed. However, this increases the possibility of type II errors. If a simpler experimental design had been considered, with only control, 2-month diabetic, and fish oiltreated diabetic groups, then using the less conservative Student-Newman-Keuls post hoc test, both sensory and motor NCV effects would have been significant (p < 0.05). Therefore, it is plausible that fish oil does have a real, albeit modest, beneficial effect on NCV. Vasa nervorum blood flow may be more strongly under the control of endothelial prostacyclin synthesis than for some other vascular beds. Thus, any advantage proffered by fish oil for prevention of resistance vessel atherosclerosis or preservation of endothelial integrity may be offset by inhibition of the already compromised prostacyclin synthesis, which depends upon a lack of substrate availability [19] consequent on impaired A6-desaturation of linoleic acid [32] . It is, therefore, important to consider whether potential adverse consequences of 0)-3 treatment on vasa nervorum 0)-6 metabolism are outweighed by the overall cardiovascular benefits in diabetic patients. Given that fish oil and EPO have similar anti-arterial disease and anti-hypertensive properties in animal models and non-diabetic patients [39, 40] , it would be interesting to determine whether they have comparable general cardiovascular effects for diabetic patients.
While GLA treatment improved sciatic nerve RHCF, the preventive regimen was less successful than predicted by a previous study using EPO [21] . This may be due to the use of different treatment methods. Thus, this study employed once daily treatment by gavage, whereas for the EPO study dietary admixture ensured that treatment was available continuously. Therefore, rapidly metabolised components may not be as available over time with gavage compared to dietary supplementation. GLA is very K. C. Dines et al.: Essential fatty acids and nerve function rapidly metabolised [21] and the effects of EPO on NCV are short-lived, with a return to diabetic values within 24 h of the cessation of short-term treatment [41] .
From the RHCF profiles it is notable that GLA blunted the initial hyper-excitability phase in nerves from diabetic and non-diabetic rats. This agrees with a previous study using EPO [21] . Conversely, fish oil-treated diabetic rats displayed supra-normal hyper-excitability. The mechanisms underlying hyper-excitability and RHCF are poorly understood but are accompanied by a degree of axonal depolarisation that reduces excitation thresholds [42] and may depend on changes in membrane-bound calcium levels that modulate axonal excitability [43] . The reasons why GLA and fish oil changed hyper-excitability in opposite directions are unclear, but these effects probably do not result from direct changes in membrane properties as both treatments would be expected to produce similar reductions in membrane fluidity [44, 45] . Thus, these actions may depend on products of eicosanoid metabolism, which can acutely alter nerve function [46] . RHCF appears to arise because of changes in nerve metabolism towards greater utilisation of anaerobic glycolysis [12] . The main stimulus may be endoneurial hypoxia as RHCF is also found in non-diabetic rats reared under hypoxic conditions [8] . In vivo experiments suggest that there is also a contribution from increased substrate availability due to hyperglycaemia [47] . Exposure to an elevated glucose concentration in vitro also induces RHCF in nerves from non-diabetic rats [48] , however, this takes several hours. Under the conditions employed in the present investigation, RHCF is relatively independent of the level of bath glucose [N. Cameron, M. Cotter, D. Cox, unpublished observations] and similar data has been obtained for endoneurial preparations from diabetic and non-diabetic rats [49] . Given that some vasodilator treatments [13, 14] markedly reduced the development of RHCF in diabetic rats it is, therefore, unlikely that chronic hyperglycaemia makes a major contribution. RHCF may be advantageous to nerve function in diabetic rats because of an increased ability to cope with episodes of inadequate perfusion, for example, during intense activity. RHCF remained elevated in both preventive and reversal groups, suggesting that not all facets of nerve metabolism or vascular dysfunction were corrected by GLA treatment at the dose employed.
It is not clear whether nerve dysfunction in diabetic rats could be completely rectified by any single treatment. Factors other than essential fatty acid dysmetabolism are likely to contribute to vascular dysfunction and the reduction in nerve blood flow [1-6]. Thus, there are alterations in vascular reactivity to catecholamines and angiotensin II, and an increase in the activity of voltage-dependent calcium channels [13] [14] [15] 17] . Polyol pathway flux has deleterious effects on vessel contraction and relaxation [50, 51] , as well as reducing tissue anti-oxidant protection mechanisms [52] . Increased oxygen-free radical activity in diabetes causes the formation of lipid hydroperoxides [53] which inhibit prostacyclin synthetase [54] , reducing the prostacyclin/TxA2 ratio in favour of vasoconstriction and platelet aggregation. Treatment with butylated hydroxytoluene, a scavenger of oxygen free radicals, prevented NCV abnormalities in diabetic rats [55] . In addition, treatment with aminoguanidine, which also prevents lipid peroxidation [56] , inhibits the formation of advanced glycation end-products [57] and improves sciatic nerve blood flow [58] , was effective in preventing NCV deficits. EPO also contains the anti-oxidant, vitamin E.However, the data for GLA treatment (no anti-oxidant) suggest that the main effect of EPO probably results from prostanoid production.
Angiogenesis was found in vasa nervorum of the preventive GLA-treated group, which agrees with the resuits of a previous study using EPO [21] . Vessel growth is a consequence of long-term increases in blood flow [59] , and has been noted in nerves and skeletal muscles of diabetic rats following vasodilator treatment [13, 14, 16, 17] . The results for reversal GLA treatment, however, emphasise the point that angiogenesis is not a prerequisite for functional improvements. It seems that either the increase in blood flow necessary to ameliorate NCV deficits is less than that required to instigate capillary growth [15] or that the process of angiogenesis is lengthy and lags behind nerve conduction improvements. The latter is relatively rapid; using EPO, the NCV deficit following 3 months of streptozotocin-diabetes was corrected within 4 days [41] .
In conclusion, the data suggest that GLA is the main active component of EPO and highlight the importance of o)-6 over (0-3 components and the negative interaction between them. Abnormal essential fatty acid metabolism appears to be a primary factor in the aetiology of nerve dysfunction in experimental diabetes, the likely result being decreased nerve blood flow and endoneurial hypoxia. As for EPO [60] , GLA treatment may have therapeutic value in patients and has the potential advantage of a reduced oil intake.
